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INTRODUCTION
The renin-angiotensin systems (RASs) regulate blood pressure, kidney function, and salt and water homeostasis. Modulation of RAS is central in the intensive care unit spectrum of diseases (eg, hemodynamic failure) and is associated with patient outcomes. [1] [2] [3] [4] [5] [6] [7] The RASs are enzymatic cascades implicating sequential peptide cleavage, leading to angiotensin generation by angiotensin-converting enzymes (ACEs). 8 RAS also modulates inflammation and immune responses. 8, 9 The angiotensin (Ang) (1-7)/ACE2 cascade is known as the nonclassic RAS, which acts as an endogenous counterregulatory arm to the angiotensin II (Ang II)/ACE axis. 10 Both classic and nonclassic RAS have been identified at the tissue level, with paracrine effects dissociated from those of the circulating system. 11 Better understanding of RAS physiology has led to the development of highpotential therapies, of interest to the intensivist. Administration of exogenous Ang II in vasoplegic shock alleviated vasopressor requirements, and was associated with improved survival in patients with severe acute kidney injury (AKI). 2, 7 On the other hand, exogenous infusion of recombinant human ACE2 has demonstrated exciting lung protective properties in the context of the acute respiratory distress syndrome (ARDS). 3 The scope of this review was to describe the classic and nonclassic RASs, and their physiologic effects, with an emphasis on their respective pathogenic and/or therapeutic roles in the context of critical illness.
THE CIRCULATING CLASSIC RENIN-ANGIOTENSIN SYSTEM
Two enzymatic cascades lead to the generation of the main endocrine agents of the classic and nonclassic RASs (see Fig. 2 ). Both arms exist as an endocrine (circulating) and a paracrine (tissue-based) system, with paracrine and autocrine effects independent of the systemic systems. 11, 12 The organ localizations of the RASs are presented in Fig. 1 .
Peptides
Angiotensinogen is a glycosylated protein, produced by the hepatic lobules. 13 Plasma levels are stable, and in excess when compared with circulating renin concentrations. Local generation of angiotensinogen also exists in the renal epithelium, brain, heart, adrenal, endothelial, and intestinal tissue. 11, 12 Ang I is a biologically inactive decapeptide generated by the proteolysis of angiotensinogen by renin. 9 Ang II is the pivotal peptide of the classic RAS. This octapeptide is the product of the cleavage of Ang I by ACE, but may also be generated under the action of other enzymes. 9 Plasma Ang II is rapidly degraded into Ang III, IV, or Ang (1-7), under the action of various enzymes (Fig. 2) .
Ang III is the product of the cleavage of Ang II by aminopeptidase A, or by the cleavage of Ang (1-9) under the action of ACE. 9 Like Ang II, Ang III is a potent vasopressor, a thirst and salt appetite stimulant, and an activator of aldosterone secretion. 14 Ang IV mainly modulates cerebral blood flow and cognition, increases renal blood flow (RBF), and decreases water and sodium reabsorption in the renal epithelium. 15, 16 Enzymes Renin is an aspartyl-protease released by the juxta-glomerular apparatus, and is the key rate-limiting factor of Ang II generation. 8 Its secretion is regulated by renal perfusion, sodium-chloride balance, sympathetic nervous tone, and Ang II (Box 1). [17] [18] [19] Renin has also been identified in the proximal tubule and distal nephron, the brain, and in some immune system circulating elements. 20, 21 ACE is a dicarboxypeptidase metalloenzyme that generates Ang II, via a zincdependent shedding of a C-terminal dipeptide from Ang I. ACE also generates Ang (1-7) from Ang (1-9), and inactivates bradykinin, a natriuretic and vasodilator peptide. 22 The protein is a transmembrane ecto-enzyme found mainly in the pulmonary endothelium, where most of the Ang II is generated, but also in the brain, heart, and renal endothelium, and immune system cellular components. [23] [24] [25] Receptors Ang II receptors are G protein-coupled transmembrane proteins with 7 membranespanning domains. 26 Angiotensin type 1 receptor (AT 1 R) represents the principal transductor of Ang II into its main physiologic responses. 26 AT 1 R is found in the endothelium (smooth muscular cells), kidneys (glomeruli and proximal tubule), adrenal glands, heart, lymphocytes, and granocytes. [27] [28] [29] Ang II-AT 1 R binding induces the activation of multiple intracellular secondary messenger cascade, including intracellular Ca 21 , nuclear factor (NF) kB, phospholipase C and Janus kinase families. 27 Angiotensin type 2 receptor (AT 2 R) presents a 34% homology with AT 1 R and is similarly structured. 26 It is found in the endothelium, heart, brain, kidneys and adrenal glands. AT 2 R main actions antagonize those of AT1R. Angiotensin type 4 receptor (AT 4 R) is principally located in the brain, and to a lesser extent in the renal artery, and binds Ang IV. 15 
PHYSIOLOGY OF THE CIRCULATING CLASSIC RENIN-ANGIOTENSIN SYSTEM
The physiologic effects of classic RAS upregulation are summarized in Fig. 3 .
Renal Physiology

Regulation of renal blood flow and glomerular filtration rate
Ang II augments glomerular filtration rate (GFR) and RBF, by increasing the vasomotor tone of efferent renal arterioles, acting alongside with myogenic reflex activation and 
Box 1 Mechanisms leading to renin release by the juxta-glomerular apparel
Physiologic Trigger Description
Renal perfusion pressure Baroreceptors in the juxta-glomerular apparel are sensitive to changes in renal perfusion pressure below 90 mm Hg. Na1 and ClÀ delivery to the macula densa This effect is immediately transduced to the juxtaglomerular cells, due to their intimate contact with the macula densa, forming the juxta-glomerular apparatus. Evidence suggest that this effect is mainly due to chloride depletion.
Adrenergic activation
The sympathetic autonomous neural system, through a dense population of ß1-noradrenergic nerves, directly stimulates renin release by the juxta-glomerular apparel. These effects are dissociated from those induced by changes in renal perfusion pressure. Angiotensin II: acute stimulus Negative short-loop biofeedback by Ang II binding of AT 1 R present in the juxta-glomerular cell membrane. Angiotensin II: chronic stimulus This compensatory mechanism, named juxta-glomerular recruitment, increases the number of renin-secreting cells in upregulated Ang II environments.
Abbreviations: Ang II, angiotensin II; AT 1 R, angiotensin II type 1 receptor.
tubulo-glomerular feedback. 8, 9, 30 Its effects seem maximum when blood pressure is sufficiently low to stimulate renin release. 31 However, overstimulation by Ang II may decrease GFR due to excessive vasoconstriction.
Sodium homeostasis and acid-base balance regulation
Local and circulating Ang II stimulate the AT 1 R-dependent reabsorption of sodium, chloride, and bicarbonate and excretion of potassium and protons by the renal epithelia. 9 It activates the apical Na 1 /H 1 exchanger coupled with a basal Na 1 /HCO 3 À cotransporter in the proximal tubule and the ascending limb of the loop of Henle. 32 Ang II also activates Na 1 /K 1 ATPase anti-transporters (leading to increased kaliuresis) and pendrin, a Cl À /HCO 3 À anti-transporter involved in chloride reabsorption. 33 Finally, aldosterone augments the recruitment of Na 1 /K 1 ATPase and epithelial sodium channel transporters in the distal tubules and collecting ducts. 30 
Cardiovascular Physiology
Although the effects of Ang II on blood pressure are partly related to extracellular volume regulation, Ang II is a potent vasopressor agent, via an AT 1 R-dependent influx of calcium into smooth muscular cells cytoplasm, but is downregulated by Ang II/AT 2 R-dependent NO endothelial production and bradykinin generation 34, 35 ; however, vasomotor modulation may vary between and within organs. 36 Suvannapura and Levens 37 observed splanchnic vasoconstriction at normal Ang II circulating levels, whereas none was observed on RBF. Finally, Ang II increases blood pressure by upregulating adrenergic stimulation and endothelin 1 (ET-1) transcription. 38, 39 Finally, Ang II increases cardiac output by inhibiting the vagal tone and upregulating ET-1. 40 
Other Effects
Ang II (and Ang III) stimulates adrenal synthesis and release of aldosterone and of catecholamines, and induces adrenal hypertrophy. 39 In the brain, circulating and locally produced Ang II stimulates thirst and salt-seeking behavior, vasopressin release by the posterior hypophysis, and acts as a central stimulant of sympathetic nervous tone. 9, 14, 27, 41, 42 
THE NONCLASSIC RENIN-ANGIOTENSIN SYSTEM Nonclassic Renin-Angiotenin System Angiotensins
Angiotensin (1-7) is a heptapeptide produced by the proteolysis of Ang II by ACE2 (see Fig. 2 ). 10 Cleavage of Ang (1-9) by ACE also generates Ang (1-7). Ang (1-7) is found in the plasma, heart, renal, and brain tissues, and may be excreted in the urine. Ang (1-7) binds the Mas receptor, through which most of its known effects are mediated. 43 Angiotensin (1-9) is a nonapeptide generated by the ACE2-related breakdown of Ang I, acting as a competitor to ACE-related generation of Ang II. 44 It is a potent cardioprotective antifibrotic agent that binds the AT 2 R. 44, 45 Angiotensin-Converting Enzyme 2 ACE2 is the pivotal enzyme of the nonclassic RAS. 10 ACE2 is transmembrane monocarboxypeptidase that converts Ang II into Ang (1-7) and Ang I into Ang (1) (2) (3) (4) (5) (6) (7) (8) (9) . ACE2 was simultaneously discovered by 2 independent groups, using 2 complementary DNA libraries (heart and lymphoma). 46, 47 ACE2 is the receptor to the severe acute respiratory syndrome coronavirus, and has been identified in the kidneys, lungs, brain, heart, and testes. 10, 48, 49 Through the generation of Ang (1-7) , and the degradation of Ang II, the effect of ACE2 is tissue-protective. Due to structural differences in the binding sites of ACE and ACE2, ACE inhibitors do not inhibit the activity of ACE2. 50 
The Mas Receptor
The Mas receptor is a G-protein-coupled transmembrane receptor with high affinity for Ang (1-7), and little affinity for Ang II. 43 The receptor is distributed along the intrarenal epithelium and vascular endothelium, in accordance with the renal and hemodynamic effects of Ang (1-7). 51
Nonclassic Renin-Angiotensin System and the Cardiovascular System
Ang (1-7) induces systemic and local vasodilation, by upregulating NO production. 51 Ang (1-7) and ACE2 have demonstrated cardioprotective anti-inflammatory features in an experimental model of myocardial infarction and heart failure (decreased reactive oxygen species [ROS] production and fibroblasts recruitment). [52] [53] [54] [55] [56] [57] However, these observations were contradicted by the observation of cardiac fibrosis after Ang (1-7) upregulation in experimental renal dysfunction, in relation to a compensatory increase in ACE. 58 
Nonclassic Renin-Angiotenin System and Renal Function
In the kidneys, the activation of the Mas receptor by Ang (1-7) increases RBF and GFR, natriuresis, and diuresis. 59, 60 Ang (1-7) and ACE2 may also present renoprotective properties, although limited by the potential compensatory upregulation of Ang II. [60] [61] [62] [63] The role of ACE2 circulating levels in the context of chronic kidney disease remains controversial. 64, 65 
RENIN-ANGIOTENSIN SYSTEMS AND THE IMMUNE SYSTEM
Classic and nonclassic RAS modulate the innate and adaptive immune system responses, regulating inflammation, cell proliferation, fibrogenesis, and apoptosis (Box 2). 56,57,60,66,67 The Ang II/ACE axis potentiates bacterial clearance, by upregulating neutrophils and macrophages chemotaxis and activation, generation of ROS, and secretion of proinflammatory cytokines. 28, 68, 69 Yet, lymphocytic AT 1 R activation inhibits CD8 1 T-cell activation. 25, 29 These phenomena modulate the NFkB cascade, a transcription factor involved in both the physiology and pathogenesis of septic shock and organ failure. [70] [71] [72] These effects also may be directly mediated by ACE, as suggested by the effects of ACE inhibitors but not by AT 1 R antagonists on immunomodulation. 73 In sheer contrast, activation of the Ang (1-7)/ACE2 axis inhibits ROS production, downregulates proinflammatory cytokine secretion, and has immunomodulatory tissue-protective features (see Box 2). 60, 62, 66, 74 
ANGIOTENSIN II IN VASODILATORY SHOCK AND SEPSIS
In the critical setting, the upregulation of the classic RAS is a physiologic and potentially life-saving response. Ang II and renin levels are increased in the context of sepsis and significantly associated with severity of disease. 1, 6, 75 Serum ACE concentration in patients with pulmonary sepsis were lower than in healthy volunteers, with reduced levels associated with increased mortality. 6, 76 In line with our understanding of Ang II effects, recent data strongly suggest that exogenous Ang II infusion decreases vasopressor dose requirements in patients with vasodilatory shock, mirroring the physiologic effects of endogenous Ang II: increase in sympathetic tone, endogenous catecholamine and vasopressin release, and direct stimulation of vascular smooth muscle cells. 2 During sepsis, Ang II upregulation may induce ROS generation and endothelial structural changes, both being pivotal physiologic responses to infection, yet also central in the pathogenesis of its most severe presentation, namely septic shock, where they become oxidative stress and endothelial dysfunction. 1 Historically, although meeting promising successes in animal models, ACE inhibition did not prove to attenuate the inflammatory response in healthy volunteers exposed to endotoxemia. 77, 78 Furthermore, large observational evidence was not supportive of classic RAS downregulation having protective effects against sepsis. 79 Conversely, Ang II improved phagocytosis and inhibited abscess formation during experimental murine peritonitis. 80 In the ATHOS-3 trial, the vast majority of patients had confirmed or suspected sepsis. Ang II infusion at the acute phase of vasodilatory shock of septic origin also may contribute to an unknown degree of inflammation enhancement and bacterial clearance. 
ANGIOTENSIN-CONVERTING ENZYMES IN ACUTE RESPIRATORY DISTRESS SYNDROME
ACE levels were respectively increased in the broncho-alveolar lavage and decreased in the serum of patients with ARDS, whereas higher circulating levels of Ang I were associated with mortality. 5, 76, 81 The epithelial and endothelial damage observed in the course of ARDS may create an imbalance favoring classic over nonclassic RAS pathways in the lungs. 82 Although little is known about Ang II in human ARDS, upregulation of the Ang II/ACE cascade in experimental ARDS worsens perfusion/ventilation mismatch, increases secretion of proinflammatory intracellular cascades and agents, and local production of ROS, all directly implicated in the disease's pathogenesis. 4 Classic RAS inhibition may limit the pulmonary inflammatory response and the extent of lung injury, but has been poorly evaluated in humans. 77, 83, 84 In contrast, growing evidence suggests the pivotal role of nonclassic RAS in lung protection in the face of acute injury. First, ACE2 was identified as being the receptor to the severe acute respiratory syndrome coronavirus, via the Spike protein. Inhibition of ACE2-coronavirus binding effectively inhibited virus replication and limited RAS-dependent acute lung injury. 85 Then, experimental models of ARDS modulating Ang (1-7) and ACE2 activities have demonstrated significant lung protection ( Fig. 4) . 74, 86, 87 Ang (1-7) infusion in murine experimental ARDS decreased the proinflammatory response, improved lung injury scores and lung function, and decreased cellular infiltrate in piglets with acid aspiration. 74, 82 These beneficial effects are mediated by downregulation of the intracellular proinflammatory NFkB cascade and increased NO synthesis. 51 A randomized controlled trial of recombinant human ACE2 in humans with ARDS showed it decreased Ang II levels and proinflammatory mediators, and augmented plasmatic surfactant protein D, with no hemodynamic side effects. 3, 88 The effects of recombinant human ACE2 (rhACE2) may be principally mediated by its competing effects with ACE in limiting the generation of Ang II, while potentiating Ang (1-7) activity. Those findings demonstrate that ACE2-related immunomodulation in the context of ARDS may improve pulmonary outcomes, in congruence with what we know of the downregulating effect of nonclassic RAS on the inflammatory response. Larger randomized controlled trails are necessary to confirm the promising lung protective properties of rhACE2.
PLACE OF RENIN-ANGIOTENSIN SYSTEMS IN ACUTE KIDNEY INJURY
Evidence in AKI suggests a complex picture. In patients with suspected acute tubular necrosis, angiotensinogen and Ang II expression and urinary secretion are increased, and associated with the severity of pathology and AKI risk. 89, 90 However, whether the upregulation of the classic RAS is the cause or the consequence of AKI remains unknown and findings may be model-dependent. Ang II upregulation improves renal function, while not aggravating medullary hypoxia, in an experimental model of septic AKI, and attenuates intrarenal inflammation and apoptosis in murine ischemia/ reperfusion-induced AKI. 91, 92 Interaction of local and systemic systems may also be of importance. Renal injury may depend on renal cell AT 1 R activation, whereas a reno-protective phenotype is observed if lymphocytes AT 1 R are activated. 93 The Ang II/Ang (1-7) balance may also play a role, as ACE2 knockout mice with ischemia/reperfusion-induced AKI showed worsening renal function. 94 From a clinical perspective, exogenous Ang II administration in patients with vasoplegic shock and severe AKI was associated with higher survival and renal replacement therapy weaning rates. 7 The role of Ang II on renal recovery after AKI, well supported by experimental data, will require further evaluation in the critical setting.
INTEGRATION OF RENIN-ANGIOTENSIN SYSTEM PHYSIOLOGY IN CRITICAL ILLNESS
Description of the physiology of the classic and nonclassic RAS has direct implications in the setting of critical illness. On the one hand, increased Ang II activity is a life-saving response to hypotension and infection, with proven effects on cardiovascular physiology and renal outcomes in the context of vasoplegic shock. 2 It also implies that Ang II enhancement of hemodynamic management at the acute phase of septic shock may improve organ failure, including renal failure. Also, Ang II in the acute context may boost the proinflammatory response, with subsequent enhanced bacterial clearance, opposite to the deleterious effects of inflammation in the chronic setting. On the other hand, ACE2 enhancement decreases lung inflammation and improves lung hemodynamics and function in the setting of ARDS. 3 The control of pulmonary damage by the nonclassic RAS demonstrates the central role of immunomodulation in this potentially lethal inflammation-mediated disease. Those 2 pivotal trials convey highly encouraging changes in the treatment strategies of septic shock and ARDS. Yet, their individualization at the bedside is far from being achieved, as both targeted conditions may be simultaneously present in a given individual ( Fig. 5) . Better understanding of how local and systemic systems interact may help target which should be favored.
SUMMARY
Our knowledge of the RASs is growing exponentially and exposing their complexity. The RAS is more than an endocrine system, and exists in most organs, with local physiologic and biological effects dissociated from the classic circulating RAS. In the context of critical illness, the regulation of the classic/nonclassic RAS balance plays a unique role in the response to vasodilatory shock and ARDS. Rapidly evolving clinical data suggest that Ang II may save lives in vasodilatory shock and accelerate renal recovery in patients with severe AKI in this setting. Conversely, ACE2 may prove an important new protective therapy in ARDS. A new chapter of the RAS, now dealing with critical illness, is being written and opens the door to a new concept in the manipulation of this ubiquitous system: inhibition in the chronic setting but activation in the acute setting.
